Resource sharing within clonal plant networks can occur via the translocation of water, nutrients, and photoassimilates through rhizomes and stolons. Similar mechanisms may mediate the sharing of information (e.g., about herbivory or other environmental stressors) among ramets via molecular or biochemical signals. The storage of such information in belowground structures could facilitate the transmission of appropriate phenotypic responses across growing seasons in perennial species. However, few previous studies have explored the potential transfer of ecologically relevant information within such networks. This study addresses the effects of foliar herbivory and belowground overwintering on the growth and flowering, physical defenses, and herbivore resistance in the clonally spreading species Solanum carolinense L. (Solanaceae). We used rhizomes from inbred and outbred plants that were repeatedly exposed to feeding damage by Manduca sexta L. (Sphingidae) caterpillars and rhizomes from undamaged control plants. These rhizomes were either planted immediately or exposed to overwintering conditions and allowed to produce new ramets (rhizomatous offshoots). We then assessed offshoot emergence, flowering, physical defense traits, and herbivore performance. Relative to controls, offshoots of herbivore-damaged plants exhibited greater spine and trichome densities, and reduced performance of M. sexta larvae. However, they also emerged and flowered significantly later, and produced fewer flowers than offshoots of undamaged plants. Inbreeding also negatively affected offshoot emergence, flowering, trichome production, and herbivore resistance. These effects of parental herbivory were more pronounced in outbred offshoots, indicating that inbreeding may compromise the trans-seasonal induction of plant defenses. Finally, exposure to overwintering conditions increased trichome production and reduced caterpillar performance on offshoots. Together, these results show that induced defenses can be transmitted through rhizomes and affect offshoot growth, flowering, defensive traits, and herbivore resistance. They also document fitness-related costs associated with defense induction in offshoots and suggest that the transfer of defenses across seasons can be compromised by inbreeding.
Introduction
Herbaceous perennial plant species often spread via runners (e.g., stolons and rhizomes) that grow laterally from the parent plant and can produce new shoots (Cook 1985) . When such shoots are produced within a single growing season, it is well established that the parent plant can share resources such as water, carbohydrates, and mineral nutrients with its lateral shoots (de Kroon et al. 1996; Alpert and Stuefer 1997; Alpert et al. 2002; Liu et al. 2016 ). In addition, there is some evidence that inducible defense traits can be transmitted to interconnected lateral shoots (Stuefer et al. 2004; Gómez and Stuefer 2006; Gómez et al. 2007 Gómez et al. , 2010 Chen et al. 2011; Jelínková et al. 2012) . Rhizomes also frequently function as the overwintering organs of herbaceous perennials, producing new shoots in the next growing season (Cook 1985; de Kroon and van Groenendael 1997) that typically are no longer connected to the parent plant and are therefore physiologically independent (Hutchings and Bradbury 1986; Kelly 1995) . In principle, information stored in rhizomes could allow the trans-seasonal transmission of defensive states from parental plants to these new shoots; however, such effects have not previously been documented.
Herbivore damage is a ubiquitous threat to plant growth, development, and reproduction (Louda 1989; Marquis 1992; Crawley 1997; Strauss and Zangrel 2002) , and interconnected clonal plants may be especially vulnerable to herbivorous insects due to their close proximity to genetically identical individuals that harbor similar pests (Lei 2010) . In response to the threat of herbivory, plants have evolved a great diversity of physical and chemical defense mechanisms. These defenses can affect herbivores directly, by deterring feeding, impeding movement, and limiting access to the surface of plants (Levin 1973; Hanley et al. 2007; Howe and Schaller 2008; War et al. 2012; Kariyat et al. 2017 ), or indirectly, by attracting predators of the herbivores (Paré and Tumlinson 1999; Kessler and Baldwin 2001; Heil 2008 Heil , 2015 . Furthermore, some defenses are constitutively expressed, while others are induced only in response to herbivore feeding (Karban and Myers 1989; Karban and Baldwin 1997) . Many studies have shown that chewing insect herbivores induce indirect defenses such as volatile organic compounds that attract natural enemies of the herbivores (Paré and Tumlinson 1997; De Moraes et al. 1998) , as well as direct defenses, such as chemical feeding deterrents, and mechanical defenses, such as spines and trichomes (Holeski 2007; Kariyat et al. 2013; Barton 2015) .
Induced plant defenses against herbivores can be expressed systemically throughout the plant, and there is evidence that belowground organs can contribute to aboveground plant defenses against foliar herbivores (Bezemer and van Dam 2005; Erb 2012; Nalam et al. 2013 ). Furthermore, plants may respond to herbivory by reallocating resources from leaf tissues to belowground storage tissues (Kaplan et al. 2008; Orians et al. 2011) . These belowground tissues are critical for the winter survival and next season regrowth of rhizomatous plants in temperate climates and frequently experience prolonged cold exposure during overwintering (Bertrand and Castonguay 2003) , a process similar to seed vernalization. In many species, this prior exposure to a cold period has important implications for flowering (Kim et al. 2009 ) and dormancy (Chouard 1960; Brunner et al. 2014) , plant resistance to abiotic stress (Palva et al. 2001; Rinne et al. 2010) , and pathogen resistance (Plazek and Zur 2003; Kuwabara and Imai 2009; Gaudet et al. 2011; Moyer et al. 2016 ). However, the effects of overwintering on plant defenses against herbivores remain unexplored.
There is strong evidence that inbreeding often compromises plant defenses against herbivores (Carr and Eubanks 2014; Johnson et al. 2015) . Specifically, inbred individuals frequently exhibit reduced levels of physical and chemical defenses (Delphia et al. 2009a; Kariyat et al. 2012a Kariyat et al. , 2013 Campbell et al. 2013) , experience higher levels of damage from insect herbivores Stephenson et al. 2004; Delphia et al. 2009b; BelloBedoy and Núñez-Farfán 2010; Muola et al. 2011; Campbell et al. 2013) , recruit fewer herbivore natural enemies upon attack (Kariyat et al. 2012a) , and have weaker induction of defenses compared to outbred plants (Kariyat et al. 2012b; Leimu et al. 2012; Campbell et al. 2014) . Insect herbivores feeding on inbred plants have also been shown to outperform those feeding on outbred plants (Leimu et al. 2008; Delphia et al. 2009b; Portman et al. 2014 Portman et al. , 2015 . In addition to these deleterious effects on plant defenses, inbreeding has been repeatedly shown to have severe consequences for plant growth, development, and reproductive success (Charlesworth and Charlesworth 1987; Husband and Schemske 1996) .
Extensive research has addressed the effects of herbivory on plant fitness and defenserelated traits; however, it is not known whether herbivore-induced defensive states can persist across growing seasons in belowground structures and be transmitted to new shoots that are otherwise physiologically independent of the parent plant. The current study addresses this question in the clonal species Solanum carolinense. In addition, we explore how such trans-seasonal effects are affected by the overwintering process itself and by plant inbreeding, which as noted above has previously been shown to have deleterious effects on plant defense induction, including in S. carolinense. To address these questions, we assessed offshoot emergence, flower production, physical defense traits, and herbivore performance on the rhizomatous offshoots of inbred and outbred S. carolinense plants that have and have not experienced herbivory.
Materials and methods

Study system
Solanum carolinense L. (Solanaceae) is an herbaceous perennial weed common throughout the eastern United States and southeastern Canada (Britton and Brown 1970) . It is a pioneer species of early successional habitats, waste places, crop fields, and pastures. Once established, S. carolinense spreads via horizontal rhizomes that can extend a meter or more from the parent plant (Ilnicki et al. 1962) . These rhizomes overwinter belowground, separate from the parent plant, and produce new shoots in the spring. The parent plant dies over the winter and does not send up new stems during the following spring. Consequently, the rhizomes are independent of the parent plant during the next growing season. Flowering begins during the summer and continues until the first hard frost. The flowers are buzz-pollinated by bumblebees and carpenter bees, which vibrate the anthers to remove pollen (Hardin et al. 1972 ). Solanum carolinense is considered an economically and agriculturally important weed because it acts as an alternate host for insect herbivores and diseases of closely related crops in the genus Solanum (e.g., tomato, eggplant, and potato) (Ilnicki et al. 1962; Bassett and Munro 1986) . Solanum carolinense is attacked by a variety of specialist herbivores (e.g. Epitrix fuscula [Chrysomelidae] , Leptinotarsa junta [Chrysomelidae] , and Manduca sexta [Sphingidae] ) (Imura 2003; Wise 2007; Delphia et al. 2009a ) and exhibits a variety of physical and chemical defense traits that likely play a role in defenses against herbivores. The leaves and stem are covered with spines, leaves are also covered with stellate trichomes, and all plant parts including leaves, flowers, and fruits contain constitutive, as well as inducible, toxic secondary compounds (e.g., glycoalkaloids) (Bassett and Munro 1986; Cipollini and Levey 1997; Cipollini et al. 2002) .
Solanum carolinense exhibits a solanaceous-type, RNAse-mediated gametophytic self-incompatibility system controlled by the multiallelic S-locus (Richman et al. 1995) . However, there is plasticity in this self-incompatibility system. The ability of S. carolinense to produce selfed seeds increases with the age of unpollinated flowers and when fruit production is low (Stephenson et al. 2003; Travers et al. 2004) . Additionally, plants possessing certain S-alleles exhibit higher levels of self-compatibility (Mena-Ali and Stephenson 2007) . Because of this plasticity in self-incompatability, S. carolinense can self-fertilize under field conditions and has been shown to experience inbreeding depression in both the field and greenhouse (Mena-Ali et al. 2008; Kariyat et al. 2011) .
Insects
Manduca sexta is a specialist lepidopteran herbivore of solanaceous plants and is a common herbivore of S. carolinense throughout its range (Imura 2003; Wise 2007; Delphia et al. 2009a) . Manduca sexta eggs (Carolina Biological, Burlington, North Carolina, USA) were hatched in translucent 32 oz. plastic containers and larvae were reared on an artificial wheat germ-based diet (Frontier Agricultural Sciences, Newark, Delaware, USA) for multiple generations. Each summer, wild M. sexta larvae were collected periodically from tomato fields at the Russell E. Larson Agricultural Research Farm in Rock Springs, Pennsylvania. Wild larvae were reared in the laboratory to adults. Adult M. sexta from the lab colony were then mated with wild adults to increase the genetic diversity of the lab colony. The lab colony underwent several generations per year, but because of asynchronies in developmental times, all four stages of the life cycle (eggs, larvae, pupae, and adults) were available at most times in the colony.
Plant material
Plants used in this experiment were collected from a large S. carolinense population occupying an approximate 180 ha area near State College, Pennsylvania. In order to reduce the possibility of collecting cuttings from the same genet (i.e., genotype), cuttings were taken from the rhizomes of 16 plants located at least 10 m apart. These cuttings were planted in 4-L pots in a greenhouse and allowed to resprout, grow, and flower. After flowering, shoots were removed and the pots were put in a 4 °C cold room for 6-8 weeks. Ramets were generated from the 16 plants by taking rhizome cuttings, replanting them in 4-L pots, and allowing them to resprout and grow in a greenhouse. Hand pollinations were performed on flowers from each ramet to produce self and cross seeds. Various subsets of the resulting selfed and crossed plants were used in a series of studies by our group. After completion of these studies, the plants were cut back and the rhizomes were stored in a cold room at 4 °C (for details see Mena-Ali 2006; Mena-Ali and Stephenson 2007) .
Experimental design
Three (of the original 16) maternal families were selected for this study. None of the three families selected had an S-allele in common, indicating that they were not clonal replicates and that they are unlikely to be close relatives (see Mena-Ali and Stephenson 2007 for details). Within each family three self-pollinated and three cross-pollinated genets were selected for a total of 18 individual genets. Two ramets were produced from each genet by taking 1-inch rhizome cuttings and resprouting them in flats of potting soil (Pro-Mix, Premier Horticulture, Quakertown, Pennsylvania, USA) in an insect-free growth chamber (16 h light/8 h dark, 25 °C/22 °C, 65% RH). After 3 weeks, the resprouts were individually transplanted in 4-L pots and allowed to grow for 4 weeks.
In order to examine whether herbivore-induced defenses persist in unconnected offshoots, and to determine if inbreeding alters this persistence, ramets were randomly assigned to either a control treatment (no damage) or herbivore-damage treatment (damaged by M. sexta larvae) (for experimental design, see Fig. 1 ). All plants in the herbivoredamage treatment were subjected to 18 bouts (2 bouts per week for 9 weeks) of caterpillar damage. Plants assigned to the control group did not receive any type of damage. Prior to each bout of damage, early 4th instar larvae were starved for 4 h. During each damage application, two randomly selected larvae were placed on lower leaves of each S. carolinense plant assigned to the herbivore-damage treatment group and were allowed to feed ad libitum for 4 h. No caterpillar was used on more than one plant.
Plants were harvested 12 weeks after the start of herbivore-damage applications. At this point, all plants had produced a substantial number of mature fruit and belowground rhizomes. Aboveground shoot and belowground rhizome systems were separated and weighed. Six rhizome cuttings from each plant were taken and planted in flats of potting soil in a growth chamber (16 h light/8 h dark, 25 °C/22 °C, 65% RH). The remaining rhizomes were individually stored in bags in a cold room at 4 °C. After a 30-day overwintering treatment, six more rhizome cuttings from each plant were taken and planted in flats of potting soil in a growth chamber (16 h light/8 h dark, 25 °C/22 °C, 65% RH).
Growth, reproductive, and defense-related traits
The proportion of rhizome cuttings that produced offshoots and the average time to emergence were recorded for 30 days. Offshoots were then transplanted into 1-L pots with potting soil (Pro-Mix, Premier Horticulture, Quakertown, Pennsylvania, USA) and given 3 g of Osmocote Plus fertilizer (15-9-12 NPK, plus micronutrients, Scotts Co., Marysville, Ohio, USA). For plants that did not have an overwintering treatment, we counted and recorded the number of flowers produced per plant for 18 days starting at the onset of flowering. We did not record flower production for plants that received the 30-day overwintering treatment due to a Phytophthora sp. outbreak in our greenhouse that caused many individuals to die from root rot prior to flowering.
Leaf trichome density was assessed on offshoots 8 weeks after initial planting. A DinoLite digital microscope (Dunwell Tech, Inc., Torrance, California, USA) was used to take images of the adaxial surface of fully developed leaves from three offshoots of each ramet. Leaves of similar positions and size were selected on all plants. Trichomes were manually counted using the Preview software (Apple Inc., Cupertino, California, USA). Depending on availability of offshoots, one to three offshoots from the 30-day overwintering treatment were assessed for leaf trichome density. Internode spine density was assessed on offshoots 12 weeks after initial planting. Due to the disease outbreak, spine density was only assessed on offshoots that did not receive an overwintering treatment. Spines located on the third internode below the stem apex were counted and total internode length was measured.
No-choice assays were performed to assess the effects of parental plant herbivory, inbreeding, and overwintering on herbivore resistance in rhizomatous offshoots. To do so, three leaves of similar size were removed from each plant and placed in separate Petri dishes (100 × 15 mm) with moist filter paper. One newly molted 4th instar M. sexta larvae was then weighed and placed in each Petri dish. All larvae were starved for 4 h prior to the start of the assay. After 24 h, larvae were removed from the leaves, starved for 4 h (to clear the gut of the last meal), and reweighed. Larval relative growth rate (RGR) was calculated using the equation:
where ΔB is the change in larval body mass and Bi is the initial body mass of the larva. Leaves were scanned and digitized at the beginning and end of the assay. Initial and final leaf areas were measured using the ImageJ v 1.46 software (Schneider et al. 2012 ) and total leaf area consumed was calculated.
Statistical analyses
All statistical analyses were performed using R statistical software (R Development Core Team 2013). A log-likelihood ratio test of independence ('GTest') was performed to examine the effects of parental herbivore-damage treatment (herbivore-damaged vs. undamaged), breeding type (outbred vs. inbred), and plant maternal family on the proportion of rhizomes that produced offshoots. Linear mixed-effects model ANOVAs ('lmer') were used to examine the effects of herbivore-damage treatment, breeding RGR = ΔB Bi type, and plant maternal family on flower production, trichome density, spine density, larval mass gain, and larval relative growth rate (Bates et al. 2015) . Total leaf area consumed by M. sexta larvae was analyzed by a linear mixed-effects model ANCOVA ('lmer') with larval initial mass as a covariate. All models included the main effects of parental herbivore-damage treatment (fixed), breeding type (fixed), the breeding type by damage interaction term (fixed), and plant maternal family (random). To assess the effect of overwintering on plant traits, full linear mixed-effects model ANOVAs and ANCOVAs were run with overwintering treatment as a main fixed effect in addition to the main effects of parental herbivore-damage treatment (fixed), breeding type (fixed), all interaction terms (fixed), and plant maternal family (random). Post hoc comparisons were performed using least square means multiple comparisons ('lsmeans') to examine differences among means for all fixed interactions terms with p values adjusted for multiple comparisons (Lenth 2016) . Given that outbred and inbred S. carolinense plants are known to respond differently to herbivore damage (e.g., Kariyat et al. 2012a, b; Campbell et al. 2014) , separate log-likelihood ratio tests of independence (G-test), ANOVA, and ANCOVA models were also run for outbred and inbred plants to further assess the effects of parental plant herbivory within each breeding type. To determine if the random effect of plant maternal family was significant in the models, performances for models with and without the random family effect were compared using likelihood ratio tests for all linear mixed-effects model ANOVAs and ANCOVAs. Data transformations were performed when needed to meet the assumptions of each statistical test. Flower production was only followed for offshoots that were not given an overwintering treatment. Data for average number of flowers were log + 1 transformed and all plants were included in the analysis. Data for average time to first flower came from a small sample size and a data transformation did not correct for the violation of the assumption of normality for ANOVA, so a non-parametric Wilcoxon signed-rank test ('wilcox.test') was performed to test the effects of parental herbivoredamage treatment (herbivore-damaged vs. undamaged) and breeding type (outbred vs. inbred) on average time to first flower, and a non-parametric Kruskal-Wallis test ('kruskal.test') was performed to test the effect of plant maternal family on average time to first flower. All figures were created with the 'ggplot2' package in R (Wickham 2016) .
Results
Rhizome biomass of parental plants
Rhizome biomass was not affected by M. sexta herbivory on parental plants (F 1,30 = 0.05, P = 0.818). However, inbreeding significantly affected rhizome biomass (F 1,30 = 4.69, P = 0.038), with outbred plants producing rhizomes with a significantly greater biomass than inbred plants (outbred = 60.3 ± 4.9 g, inbred = 45.7 ± 5.1 g, mean ± SE). There was no effect of the breeding type by damage interaction on rhizome biomass (F 1,30 = 0.18, P = 0.676). There was slight variation in rhizome biomass among maternal families (χ 2 (1) = 2.72, P = 0.099). A summary of these results and all results reported below are provided in Table 1 .
Overall effects on offshoots
Our initial analyses of effects on offshoot traits employed a full statistical model, with parameters including overwintering treatment (fixed), herbivore-damage treatment (fixed), breeding type (fixed), their interactions, and plant maternal family (random) (see "Statistical analyses" section and Table 1 ). In these analyses, overwintering did not affect the likelihood of offshoot emergence (Table 2 ), but offshoots from overwintered rhizomes emerged significantly earlier than those from rhizomes that did not receive an overwintering treatment (overwintering treatment = 13.9 ± 0.5 days, no overwintering treatment = 20.1 ± 0.5 days, LSMeans ± SE; F 1,363 = 248.16, P < 0.001; Fig. 2 ). Overwintering Table 1 Summary of the statistical findings for each experiment performed in this study. X = outbred plants; S = inbred plants; DAM = parent plant subjected to repeated damage by Manduca sexta larvae; UD = parent plant was not damaged by M. sexta larvae (UnDamaged controls). *0.05 < P < 0.10; **0.01 < P < 0.05; *** P < 0.01. Grey boxes indicate that no data were obtained and '-' indicates P > 0.1. Bold superscript 1 ( 1 ) indicates that separate statistical tests were run for the X and S plants to assess the effects of herbivore damage within each breeding type. (a) Full models with overwintering treatment, herbivore-damage treatment, plant breeding type, and all interactions as fixed effects and plant maternal family as a random effect. (b) Models for plants without an overwintering treatment with herbivore-damage treatment, plant breeding type, and their interaction as fixed effects and plant maternal family as a random effect. (c) Models for plants with an overwintering treatment with herbivore-damage treatment, plant breeding type, and their interaction as fixed effects and plant maternal family as a random effect. The contents of each cell in the 'offshoot emergence time' and 'time to first flower' columns indicate which treatment emerged or flowered significantly earlier. 
Fig. 2
Mean offshoot emergence time (days) for breeding type by herbivore-damage treatments of S. carolinense offshoots that did and did not receive an overwintering treatment. Different letters indicate significant differences among overwintering by breeding type by herbivore-damage treatments determined by post hoc analysis using least square means multiple comparisons (P < 0.05). Error bars correspond to standard errors also led to significantly greater constitutive leaf trichome density (F 1,167 = 37.55, P < 0.001; Fig. 3) . Manduca sexta larvae feeding on offshoots of overwintered rhizomes gained significantly less mass (overwintering treatment = 151.0 ± 8.6 mg, no overwintering treatment = 219.0 ± 5.3 mg, LSMeans ± SE; Table 3 ) and had a lower relative growth rate (RGR) (Supplement Table 1 ; Fig. 4 ) than larvae feeding on offshoots of rhizomes without an overwintering treatment. The full statistical model also revealed significant effects of parental herbivore-damage and breeding type on offshoot emergence, trichome density, and herbivore performance (Table 1) . Herbivore damage on parental plants delayed offshoot emergence (F 1,363 = 7.79, P = 0.017; Fig. 2 ), but led to higher constitutive trichome density in offshoots (F 1,167 = 6.50, P = 0.012; Fig. 3 ) and reduced weight gain by M. sexta larvae feeding on offshoots (Table 3 ; Supplement Fig. 1 ). Relative to outbreeding, inbreeding of parental plants both reduced the likelihood of offshoot production (Table 2 ) and delayed offshoot emergence (F 1,363 = 23.50, P < 0.001; Fig. 2 ).
Effects on offshoot traits with and without overwintering
To assess differences in the effects of parental plant herbivory and inbreeding within and across growing seasons, we separately analyzed our results for offshoots with and without overwintering via statistical models with parameters including herbivore-damage treatment (fixed), breeding type (fixed), the breeding type by damage interaction (fixed), and plant maternal family (random) (see "Statistical analyses" section and Table 1 ). The following sections describe the results of these models for specific offshoot traits. 3 Mean number of adaxial trichomes per 22 mm 2 for breeding type by herbivore-damage treatments of S. carolinense offshoots that did and did not receive an overwintering treatment. Different letters indicate significant differences among overwintering by breeding type by herbivore-damage treatments determined by post hoc analysis using least square means multiple comparisons (P < 0.05). Error bars correspond to standard errors
Offshoot emergence
Without overwintering In the absence of an overwintering treatment, rhizomes of herbivore-damaged parental plants were more likely to produce offshoots (90%) than rhizomes Mean larval relative growth rate (g g −1 day −1 ) for inbred and outbred S. carolinense offshoots that did and did not receive an overwintering treatment. Different letters indicate significant differences among overwintering by breeding type treatments determined by post hoc analysis using least square means multiple comparisons (P < 0.05). Error bars correspond to standard errors from undamaged parental plants (81%) ( Table 2) ; however, herbivore damage on parental plants also delayed offshoot emergence (herbivore-damaged = 20.7 ± 0.8 days, undamaged = 19.5 ± 0.8 days, LSMeans ± SE; F 1,178 = 4.26, P = 0.041; Fig. 2 ). Inbreeding had no effect on the likelihood of offshoot emergence (Table 2 ), but offshoots from outbred parental plants emerged significantly earlier than offshoots from inbred plants (outbred = 19.0 ± 0.8 days, inbred = 21.2 ± 0.8 days, LSMeans ± SE; F 1,178 = 11.50, P < 0.001; Fig. 2 ). There was no breeding type by damage interaction effect on offshoot emergence time (F 1,178 = 0.002, P = 0.965). Finally, maternal plant family did not affect the likelihood of offshoot emergence (Table 2) , but did have a significant effect on offshoot emergence time (χ 2 (1) = 5.16, P = 0.023). When assessing the effects of parental herbivore-damage separately within each breeding type, herbivore damage reduced the likelihood of offshoot emergence from 94 to 83% (G 2 = 3.51, df = 1, P = 0.061) for outbred parental plants; however, no similar effect was observed for inbred plants (G 2 = 0.99, df = 1, P = 0.32). Manduca sexta herbivory on parental plants did not affect emergence time for outbred (F 1,93 = 1.80, P = 0.183) or inbred (F 1,85 = 2.13, P = 0.148) offshoots.
With overwintering With an overwintering treatment, herbivore damage on parental plants did not affect the likelihood of offshoot emergence (Table 2) or emergence time (F 1,185 = 1.66, P = 0.199). Inbreeding reduced the likelihood of offshoot emergence (relative to outbreeding) from 95 to 80% (Table 2 ) and also delayed offshoot emergence (outbred = 13.0 ± 0.3 days, inbred = 14.7 ± 0.4 days, LSMeans ± SE; F 1,185 = 12.05, P < 0.001; Fig. 2 ). Additionally, there was a significant breeding type by damage interaction effect on the likelihood (Table 2 ) and timing (F 1,185 = 6.70, P = 0.01; Fig. 2 ) of offshoot emergence. Plant maternal family had a significant effect on the likelihood of offshoot emergence (Table 2 ), but not on offshoot emergence time (χ 2 (1) < 0.001, P = 1). Parental herbivore-damage did not affect the likelihood of offshoot production from outbred (G 2 = 0.21, df = 1, P = 0.646) or inbred (G 2 = 0.23, df = 1, P = 0.633) plants. However, among outbred plants, parental herbivore-damage significantly delayed offshoot emergence (F 1,101 = 9.62, P = 0.003; Fig. 2 ), while no similar effect was observed for inbred plants (F 1,82 = 0.82, P = 0.416; Fig. 2 ).
Flowering
Without overwintering Herbivore damage on parental plants significantly reduced offshoot flower numbers (Table 4 ) and delayed flowering relative to offshoots of undamaged parental plants (W = 402, P = 0.043; Fig. 5a ). Similarly, inbreeding reduced offshoot flower numbers (Table 4 ) and delayed flowering time (W = 347, P = 0.018; Fig. 5b ). There was also a significant breeding type by damage interaction effect on flower production (Table 4 ). Offshoots from different maternal plant families did not differ significantly in flower numbers (χ 2 (1) = 0.08, P = 0.773), but did differ in flowering time (H = 6.97, df = 2, P = 0.031). Parental herbivore-damage significantly reduced flower numbers in offshoots from outbred plants (F 1,93 = 6.51, P = 0.012); however, no similar effect was observed for inbred plants (F 1,85 < 0.001, P = 0.976). Parental herbivore-damage did not affect flowering time in outbred (W = 187.5, P = 0.322) or inbred (W = 32.5, P = 0.108) offshoots.
With overwintering Due to the pathogen outbreak described in the methods section, we were unable to assess flower production for offshoots grown from rhizomes that received an overwintering treatment.
Defense traits: leaf trichome and internode spine densities
Without overwintering With no overwintering treatment, herbivore damage on parental plants led to significantly greater densities of constitutive trichomes (F 1,98 = 6.58, P = 0.012; Fig. 3 ) and internode spines (F 1,112 = 8.03, P = 0.005; Fig. 6 ) in offshoots, relative to offshoots from undamaged parental plants. Inbreeding of parental plants reduced the constitutive trichome density off offshoots relative to outbreeding (F 1,98 = 3.85, P = 0.053; Fig. 3 ), but did not affect internode spine density (F 1,112 = 0.02, P = 0.876; Fig. 6 ), perhaps because offshoots of outbred plants had significantly longer internodes (F 1,112 = 0.01, P = 0.009). There was no significant breeding type by damage interaction effect on leaf trichome density (F 1,98 = 1.17, P = 0.282) or internode spine density (F 1,112 = 0.01, P = 0.679). There was significant variation among maternal plant families in internode spine density (χ 2 (1) = 19.84, P < 0.001), but not in leaf trichome density (χ 2 (1) < 0.001, P = 1). Among outbred parental plants, however, offshoots from herbivore-damaged plants had significantly greater densities of trichomes (F 1,48 = 6.80, P = 0.012; Fig. 3 ) and internode spines (F 1,75 = 9.20, P = 0.003; Fig. 6 ) than offshoots of undamaged outbred plants. In contrast, herbivore damage on inbred parental plants did not affect the density of trichomes (F 1,47 = 0.85, P = 0.361) or internode spines (F 1,37 = 1.98, P = 0.168).
With overwintering With an overwintering treatment, offshoot trichome densities were not affected by either parental herbivore-damage (F 1,68 = 1.52, P = 0.222; Fig. 3) or Fig. 3 ). There was also no breeding type by damage interaction effect (F 1,68 = 0.76, P = 0.386; Fig. 3 ) or maternal family effect on leaf trichome densities (χ 2 (1) = 0.43, P = 0.513). Among outbred parental plants, herbivore damage led to greater trichome density in offshoots (F 1,42 = 3.37, P = 0.073); however, no similar effects were observed for inbred plants (F 1,25 = 0.41, P = 0.528). Due to the pathogen outbreak described in the methods section, we were unable to assess internode spine densities for offshoots grown from rhizomes that received an overwintering treatment.
Herbivore performance traits
Without overwintering In the absence of overwintering, there was no effect of parental herbivore-damage, breeding type, or their interaction on the amount of leaf area consumed by 4th instar M.sexta larvae feeding on offshoots (Table 5) . Additionally, maternal plant family did not affect total leaf area consumed by M. sexta larvae (χ 2 (1) = 1.62, P = 0.204). Larvae gained less mass when feeding on offshoots from herbivore-damaged parental plants compared to offshoots from undamaged parents (herbivore-damaged = 211.9 ± 15.6 mg, undamaged = 230.0 ± 15.6 mg, LSMeans ± SE; Supplement Fig. 1; Table 3) ; however, parental herbivore-damage did not affect larval RGR (Supplemental Table 1 ). In contrast, inbreeding had no effect on larval mass gain (Table 3) , but did enhance larval RGR relative to larvae feeding on offshoots of outbred parental plants (Supplement Table 1 ; Fig. 4 ). There was no breeding type by damage interaction effect on either larval mass gain (Table 3) or RGR (Supplement Table 1 ), and maternal plant family also did not affect larval mass gain (χ 2 (1) < 0.001, P = 1) or RGR (χ 2 (1) = 2.43, P = 0.119). For offshoots from parental outbred plants, M. sexta herbivory on parental plants did not affect larval mass gain or RGR (Mass: F 1,104 = 0.13, P = 0.722; RGR: F 1,104 = 0.01, P = 0.944). For offshoots of inbred parental plants, there was also no effect of parental herbivore-damage on RGR (F 1,92 = 0.05 P = 0.819); however, larvae gained less mass on offshoots from herbivore-damaged inbred plants compared to offshoots from undamaged inbred plants (F 1,92 = 3.47, P = 0.066).
With overwintering As with the no overwintering treatment, there was no effect of parental herbivore-damage, breeding type, or their interaction on the amount of leaf area consumed by 4th instar M. sexta larvae feeding on offshoots from rhizomes receiving an Mean internode spine density (spines/cm) for breeding type by herbivore-damage treatments of S. carolinense offshoots that did not receive an overwintering treatment. Different letters indicate significant differences among breeding type by herbivore-damage treatments determined by post hoc analysis using least square means multiple comparisons (P < 0.05). Error bars correspond to standard errors overwintering treatment (Table 5) , and maternal family also did not affect total leaf area consumed by larvae (χ 2 (1) = 0, P = 1). Similar to offshoots that did not receive an overwintering treatment, M. sexta herbivory on parental plants reduced larval mass gain (Supplement Fig. 1; Table 3 ), but there was no effect of parental herbivore-damage on larval RGR (Supplemental Table 1 ). We did not observe an overall effect of breeding type or a breeding type by damage interaction on larval mass gain (Table 3) or RGR (Supplemental Table 1 ; Fig. 4 ). However, maternal plant family did significantly affect larval RGR on offshoots (χ 2 (1) = 6.32, P = 0.012). Manduca sexta herbivory on parental plants significantly reduced larval leaf consumption on offshoots from outbred plants (F 1,64 = 11.21, P = 0.001; Supplement Fig. 2 ), while no similar effects were observed for offshoots from inbred plants (F 1,26 < 0.001, P = 0.994). The negative effects of parental herbivore-damage on larval mass gain were particularly pronounced for offshoots of outbred parental plants (F 1,62 = 11.02, P = 0.002; Supplement Fig. 1) , and herbivore-damage also affected larval RGR on offshoots of outbred plants (herbivore-damaged outbred = 0.78 ± 0.08 g g −1 day −1
, undamaged outbred = 0.89 ± 0.08 g g −1 day −1 , LSMeans ± SE, F 1,61 = 3.27, P = 0.076). Meanwhile, for offshoots of inbred plants there were no significant effects of parental herbivore-damage on either larval growth (F 1,26 = 0.14, P = 0.715; Supplemental Fig. 1 ) or RGR (F 1,26 = 0.48, P = 0.495). 
Discussion
Few previous studies have explored the effects of foliar herbivory on rhizomes of vegetatively spreading plants (but see Gómez et al. 2007 Gómez et al. , 2010 Dong et al. 2017; González et al. 2017) , and none have demonstrated the ability of clonal plants to transmit herbivoreinduced information from parental plants to unconnected offshoots. The current results demonstrate that information concerning plant herbivory can persist in unconnected offshoots grown from rhizomes of S. carolinense, which have never experienced herbivory, and that this information positively influences offshoot defenses against herbivores and negatively impacts herbivore (M. sexta) performance traits (Table 1) . Furthermore, we found that these effects persisted even after 30 days of overwintering, strongly suggesting that the induction of such defenses is not only a plastic response of the parent plant, but one that can extend to clonal offshoots across growing seasons. Our results thus complement a handful of other recent studies showing that inducible defense can extend across generations and appear in seed-grown progeny that have yet to experience herbivory (see review by Holeski et al. 2012 ). Despite possible fitness-associated costs in the absence of herbivores, the expression of induced defenses in undamaged rhizomatous offshoots of herbivore-damaged plants may be adaptive if offshoots face similar herbivore pressure as parental plants. Because offshoots of clonally spreading plants emerge in the same vicinity as the parent plant, this is likely to be the case for offshoots produced during a single growing season. Similarly, if local herbivore pressure is positively correlated across consecutive years, the trans-seasonal induction of defenses would tend to produce offshoots with defense phenotypes appropriate to local conditions. The current results reveal that herbivory on parental plants leads to increased expression of physical defenses in offshoots-and reduced herbivore performance-both with and without exposure to a (30-day) period of overwintering conditions. Somewhat surprisingly, we also found an independent positive effect of overwintering itself on offshoot defense traits and herbivore resistance. Offshoots exposed to our overwintering treatment sprouted new shoots faster, had higher trichome densities, and supported reduced growth of M. sexta larvae relative to those of plants that did not receive an overwintering treatment (Table 1 ). The mechanism underlying these effects remain unclear, and while numerous studies have shown that a cold period (i.e. vernalization) is required to promote flowering in herbaceous perennials (Chouard 1960; Kim et al. 2009 ), few, if any, previous studies have examined the consequences of overwintering on the defenses of clonal plants that spread via rhizomes.
If the transmission of induced defense phenotypes from parental plants to offshoots is indeed adaptive, we might expect it to be disrupted by inbreeding, which has been shown to have adverse effects on a wide range of defense traits in a number of plant species, including S. carolinense (Kariyat et al. 2013; Carr and Eubanks 2014; Portman et al. 2014 Portman et al. , 2015 . Indeed, inbreeding depression, which has been observed since the time of Darwin (1876) , has been documented for a wide range of traits in scores of plant species (e.g., Husband and Schemske 1996) . It is thought to arise because inbreeding exposes deleterious recessive alleles-which otherwise rarely occur in homozygous condition-to selection, while simultaneously decreasing the contributions of overdominance to fitness (Charlesworth and Charlesworth 1987) . Recent, but limited, evidence suggests that epigenetic modifications may also play a role in inbreeding depression by altering DNA methylation patterns and altering patterns of gene expression (Vergeer et al. 2012 ). In the current study, we indeed found that the effects of herbivory on offshoot defense traits and herbivore performance were more pronounced when offshoots were grown from outbred rather than inbred parental plants (Table 1) . More generally, we found adverse effects of inbreeding on the biomass of rhizomes produced by our parental plants, the emergence of the rhizomatous offshoots, time to flowering, and total flower production (Table 1) . These findings support and complement those of Kariyat et al. (2011) , which demonstrated under field conditions that outbred S. carolinense plants produced more rhizomatous offshoots and had greater flower and fruit production than inbred plants across 2 years.
We also found that herbivory on parental plants had implications for the growth and reproduction of offshoots, which may in turn be related to the expression of induced defense phenotypes. We found that the rhizomatous offshoots of undamaged plants emerged significantly earlier, flowered earlier, and produced more total flowers per plant than those of herbivore-damaged plants ( Table 1 ). The negative relationship between vigor-related traits and defense traits in offshoots is consistent with potential trade-offs between investment in growth and defense. While induced defense responses benefit plants during herbivory, their production can be costly in terms of energy and nutrients that could be utilized for other plant metabolic processes (see reviews by Karban and Baldwin 1997; Cipollini et al. 2003) and can also entail ecological costs, especially in the absence of herbivores (Baldwin et al. 1990; Mutikainen and Walls 1995; Redman et al. 2001; Glawe et al. 2003; Gómez et al. 2007; Sletvold et al. 2010) .
The current study focused on physical defense traits, specifically the density of trichomes and internode spines. However, previous work on S. carolinense has shown that feeding by M. sexta larvae also elicits increased density of spines and trichomes on new growth in the "parental" generation (Kariyat et al. 2013) , as well as the production of chemical feeding deterrents in leaves (Campbell et al. 2013 (Campbell et al. , 2014 , and the emission of volatile organic compounds that attract predaceous insects and parasitoids (Kariyat et al. 2012a) . Consequently, the observed effects on spine and trichome densities in rhizomatous offshoots may be part of a broader suite of induced defensive traits expressed following herbivory on parental plants and then passed on to offshoots.
The mechanisms by which such defense phenotypes may be transmitted across seasons through rhizamatous offshoots (or via seeds) are not well understood, but it is likely that epigenetics plays a role via DNA methylation patterns that control gene expression patterns (Latzel and Klimešová 2010; Verhoeven and Preite 2014; Latzel et al. 2016; Thiebaut et al. 2019 ). Numerous studies across a variety of plant-herbivore systems have shown that herbivory by chewing insects results in the induction of a battery of direct and indirect defenses in plants, which are typically mediated by the phytohormone jasmonic acid (JA) (Howe 2004; Boughton et al. 2005; Howe and Jander 2008) . A previous study has shown that JA-mediated induction of herbivore defenses in apomictic dandelion (Taraxacum officinale) resulted in differential methylation changes throughout the plant genome that were transmitted to asexually produced offspring (Verhoeven et al. 2010) and herbivores preferred to feed on leaves from offspring of untreated control plants over leaves from offspring of JA-treated plants (Verhoeven and van Gurp 2012) . A recent study of alligator weed (Alternanthera philoxeroides) also revealed that epigenetic modifications of DNA can persist in belowground rhizomes for several asexual generations (Shi et al. 2019) , but this study did not examine the function of the genes that were modified. Future studies of trans-seasonal induced defensive traits in clonal offshoots should focus on elucidating how herbivory affects the epigenetic signatures in the rhizomes, how these signatures affect the expression of induced defenses, and their impact on fitness across growing seasons. Finally, it should be noted that rhizomatous plants may provide a powerful tool for studying the epigenetics of environmental stress because multiple clones of the same genotype can be propagated and subjected to different treatments.
